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INTRODUCTION

Matrix-induced autologous chondrocyte implantation (MACI) is an established technique for
the repair of knee cartilage defects. [1] [2] [3] It is a two-stage procedure with an initial arthroscopic harvest of healthy cartilage, isolation and expansion of chondrocytes ex-vivo, and reimplantation of cells into the chondral defect. Cells are seeded directly onto a type I/III collagen membrane and fixed to the underlying subchondral bone with fibrin glue. Over time and, with the appropriate post-operative mechanical stimulus required for chondrocyte differentiation and development, [4] [5] [6] a durable load bearing tissue may be produced. A successful MACI outcome should return the patient to a pain-free and normally active lifestyle. However, despite the reported improvement in pain, symptoms and regeneration of hyaline-like articular cartilage after MACI, [1] [2] [3] [7] [8] [9] little has been reported on the recovery of knee strength, limb strength symmetry (or asymmetry) and any associated risk to the graft or rate of re-injury in the patients return to activity.
Thomee´ et al. 10 documented a number of factors that can affect the patients' successful return to sports after anterior cruciate ligament (ACL) reconstruction, including a lack of muscular strength and function. While evidence specifically for cartilage repair is scarce, one may assume that the recovery of knee strength is also of importance after MACI in order to provide ongoing knee joint support, as well as reduce the risk of graft and/or subsequent knee injury. In order to evaluate lower extremity function and neuromuscular performance, isokinetic dynamometry has been used extensively to identify deficits in knee flexor and extensor strength following several types of knee injury or surgery, [11] [12] [13] [14] [15] [16] [17] [18] [19] including MACI.
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Though it may not mimic natural movements as is the case with dynamic functional testing, isokinetic dynamometry is generally accepted as a safe and valid method for assessing neuromuscular performance, training improvements and rehabilitation outcome.
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A frequently reported criterion for presenting the return of normal muscle strength and/or function is the Limb Symmetry Index (LSI). 21, [23] [24] [25] [26] [27] The LSI is the strength ratio of a specific muscle group, comparing the operated and non-operated limbs. The rationale of the LSI is to ensure that the injured and/or operated limb reaches an acceptable level in order to minimize the risk of overuse and/or further injury when returning to sport or strenuous work. 28 An LSI < 90% has been regarded as unsatisfactory for a variety of strength and functional tests, and may suggest that an individual is unsafe to return to regular sports activity. 10, 29, 30 Other researchers have considered an LSI below 85% as abnormal and not warranting the resumption of higher impact sports activities. 31, 32 While the association between LSI measures and re-injury risk has not been evaluated after any knee surgery to the best of our knowledge, the LSI does provide a valuable assessment of the return to an appropriate level of strength in the operated limb, compared with the non-operated limb. While LSIs have been reported extensively following ACL reconstruction for isokinetic strength assessment, they have not been specifically reported after MACI.
Thigh muscle atrophy and strength deficits have been outlined as a major problem in rehabilitation and the long-term evaluation of several types of knee surgeries, including chondrocyte implantation techniques. 12, 13, 15, 16, 20-22, 33-37 Reduced muscle atrophy and/or knee strength following MACI may be contributed to by the lengthy protective rehabilitation process required, a lack of adequate rehabilitation and/or, as reported following ACL reconstruction, a decrease in patient compliance over time during the rehabilitation process. 38 Furthermore, knee joint pain and effusion following injury and/or surgery can also act to reduce measurable knee strength, 12, 39 even in the absence of absolute strength deficits that may be attributable to relative limb disuse. Nevertheless, documentation of these LSIs in patients after MACI may provide insight into ongoing post-operative strength deficiencies, as well as pertinent information to the clinician in better rehabilitating these patients in their return to activity.
This study aimed to investigate the progression of post-operative isokinetic strength of the knee flexor and extensor muscles after MACI surgery. We hypothesized that: 1) a significantly lower peak knee flexor and extensor torque would be exhibited in the operated limb at 1 year post-surgery, compared with the non-operated limb, though no differences would be observed at 2 and 5 years, and 2) while a mean LSI ≤ 90% would be demonstrated at 1 year post-surgery, a mean LSI ≥ 90% would be observed at 2 and 5 years post-surgery. GmbH, Herzogenrath, Germany) three days prior to re-implantation. At the time of secondstage implantation, the chondral defect was prepared via an open medial or lateral miniarthrotomy in a tourniquet-controlled field, by removing all damaged cartilage down to, but not through, subchondral bone. The resultant defect was measured and used to shape the membrane, secured to the bone using a thin layer of fibrin glue. Time was allowed for the glue to set and a further 2-3 minutes were given to allow the fibrin glue to cure before testing graft stability. Following assessment of graft stability the wound was closed.
METHODS
Post-operative Rehabilitation
Immediate inpatient rehabilitation consisted of: continuous passive motion (0-30 degrees)
within 12-24 hours after surgery; active dorsi-and plantar-flexion of the ankle to encourage lower extremity circulation; isometric contraction of the quadriceps, hamstrings, and gluteal musculature to maintain muscle tone; 40, 41 cryotherapy to control edema, and; teaching of proficient toe-touch ambulation through the affected limb. Following hospital discharge, and within two weeks of graft implantation, all patients began a coordinated out-patient rehabilitation program consisting of progressive exercise and graduated weight bearing over 12 weeks (Table 1) , with ongoing education and advice on activity provided following this time.
Clinical Assessment
While clinical assessment was undertaken in all 58 patients at 1, 2 and 5 years post-surgery, it was undertaken in only 37 patients pre-surgery (prior to the initial arthroscopic biopsy required for cell harvest). Patients were referred upon booking of the arthroscopic cell harvest, though it was not forced upon them and completely up to the patient as to whether they made the appropriate pre-operative (pre-biopsy) visit for education and clinical assessment. Initially, a 3RM-SLR test was administered to assess the strength of the quadriceps and hip flexor musculature. The patient was assessed in a supine position, with the test leg fully extended, and the contralateral knee flexed at 90 with the foot flat. A weighted cable was attached to the ankle of the test leg, and the patient was instructed to lift the leg to the height of the contralateral bent knee. Every effort was made to minimize limb fatigue until a 3RM was attained. The initial weight was selected based on the size and estimated hip flexor strength of the individual patient, while the weight increment for each attempt was based on the reported and observed ease of the prior attempt. The patient was asked to attempt the first repetition and, if they felt they could attain three repetitions and desired a heavier weight, the test ceased and a heavier weight was attempted. The size of the weight lifted was continually increased until a 3RM was reached (recorded to the nearest 0.5 kg).
The protocol was initiated on the non-operated limb and then repeated on the operated side, using the same starting weight and load increments undertaken on the non-operated limb.
Isokinetic strength of the quadriceps and hamstrings muscle groups was assessed using an isokinetic dynamometer (Isosport International, Gepps Cross, South Australia). Patients were seated in the dynamometer chair, so that the hips and knees were in a 90˚ position. The trunk and thigh were stabilized using rigid straps, and adjustments were made for thigh and leg Regarding the missing baseline data for 21 patients at the pre-operative time-point, under this generalized estimating equation framework, the full sample is analyzed and estimates of means at each time point and side are made using information from the full sample at the other time points and the within-person correlation estimates. This ameliorates any potential bias in mean estimates which may be present in an available case analysis due to those with available data potentially being stronger or weaker. However, an available case analysis was also performed to allow an assessment of the impact of missing data on estimates. Statistical analysis was performed using Stata/IC 12.1 (StataCorp LP, TX USA), while statistical significance was determined at p < 0.05.
RESULTS
The 3RM-SLR, peak knee flexion and peak knee extension torque exhibited significant positive correlations with body weight and height (Table 2) (Table 5 and Figure 1 ). Peak knee flexion torque was significantly lower on the operated limb pre-operatively and at 1 year post-surgery, compared with the non-operated limb, though there were no differences at 2 and 5 years (Table 5 and Figure 1 ). A pre-operative mean LSI of 88.5%, and means of 90.5%, 99.9% and 98.2% were observed at 1, 2 and 5 years, respectively (Table 5 and Figure 1 ).
While 48.6% of patients demonstrated an LSI ≤ 90% pre-surgery, 31.0-41.4% of patients demonstrated an LSI ≤ 90% across the post-operative assessment time points (Table 4 ).
The 3RM-SLR improved significantly on both the operated and non-operated sides through to 2 years post-surgery, though then decreased significantly between 2 and 5 years postsurgery on both limbs (Table 6 and Figure 1 ). There were no significant differences for the 3RM-SLR between the operated and non-operated limbs pre-operatively or at 1, 2 and 5 years post-surgery, with mean LSIs ranging from 96.7-100.8% (Table 6 and Figure 1 ). Preoperatively, 18.9% of patients demonstrated an LSI ≤ 90%, while 17.2-27.6% of patients still demonstrated an LSI ≤ 90% across the post-operative assessment time points (Table 4 ).
There were no significant changes over the assessment timeline in the H/Q ratio for the operated or non-operated limbs, though the H/Q ratio was significantly higher on the operated limb at all post-operative time points, when compared with the non-operated limb (Table 7 and Figure 1 ).
The estimates reported in Tables 3, 5 , 6 and 7 are the marginal mean estimates for the preoperative time points, as 21 patients were missing strength measures pre-operatively.
Therefore, the pre-operative to 1 year time difference and the pre-operative differences between the operated and non-operated limbs are estimated using information from the full sample at the other time points and the within-person correlation estimates. A sensitivity estimate using only observed data at these time points (n=37) showed very similar estimates with no change in statistical significance (Table 8) , with the exception of the difference in the H/Q ratio between the operated and non-operated side pre-operatively, for which the effect size had narrower confidence intervals resulting in the p-value reducing from 0.065 to 0.002.
DISCUSSION
While MACI has become an established technique for the repair of knee chondral defects, [1] [2] [3] little has been reported on the recovery and symmetry of knee strength post-surgery. This study aimed to investigate the progression of post-operative isokinetic strength of the knee flexor and extensor muscles following MACI surgery to 5 years, comparing the operated and non-operated limbs.
At all pre-and post-operative time points, the peak knee extensor torque on the operated limb remained significantly lower than the non-operated limb. A successful return to sport is dependent on the return of muscular strength and function, 10 which has also has been suggested as a predictor of the development of knee osteoarthritis. However, pre-operative strength scores in the affected limb are typically not a good indication of optimal strength due to pain and muscular inhibition, as well as the lengthy duration of symptoms as demonstrated in this study. Furthermore, we observed an improvement in strength on the unaffected limb after surgery providing an increasing target for the operated side to reach. However, we do feel that using the unaffected limb immediately post-surgery as a comparative measure is biased, given it also becomes deconditioned as a result of the lengthy pre-operative duration of symptoms and the associated inactivity. Comparing the operated and non-operated limbs appears valid in assessing post-operative rehabilitation outcomes.
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Secondly, we chose only to assess isokinetic peak torque. for isokinetic knee extension at 60° and 180°/s, respectively, which are above the 85 and 90% thresholds employed in this study.
Fourthly, much of the current evidence for the use of isokinetic knee strength and/or functional assessment has been developed with ACL reconstruction in mind, and there is scarce research available for cartilage repair (and MACI). However, given the need for knee strength and support in the long-term health of the graft and knee joint itself, as well as minimizing the risk of subsequent injury, we would assume that these LSI guidelines would prove relevant in providing a more comprehensive evaluation of the physical condition of the patient in advocating a return to activity after MACI.
FUTURE RESEARCH DIRECTIONS
As outlined throughout the manuscript, a number of primary areas require further research to better evaluate the true relevance of reduced knee strength in patients following MACI and knee surgery in general. Firstly, given that it has been reported that an LSI below 85-90% may suggest that an individual is unsafe to return to regular sports activity, 10, 29-32 the association between LSI measures and the actual return to sport and re-injury risk should be evaluated. Secondly, as noted earlier further research is required to investigate the potential importance of concomitant physical rehabilitation for the unaffected limb both pre-and postoperatively. Finally, given the reduced LSIs in this study it would appear that the early supervised rehabilitation phase following MACI (12 weeks) is not sufficient to restore longterm knee extensor strength. Future research should evaluate the effect of more intensive structured rehabilitation from 3-12 months, as well as the effect a mid-term (1-2 year) rehabilitation intervention, on the long-term recovery of knee strength, capacity to return to sport, risk of re-injury and longer-term knee degenerative changes.
CONCLUSION
Our hypotheses were partially supported. While peak knee extensor torque was significantly lower in the operated limb at 1 year post-surgery, it was also lower at 2 and 5 years, while no differences were observed in peak knee flexor torque after 1 year post-surgery. Furthermore, while a mean LSI ≤ 90% was not observed for peak knee flexor torque at any post-operative time point, it was observed for peak knee extensor torque at all pre-and post-operative time points. A principle finding of this analysis is that patients in this study at 5 years post-surgery still presented with an LSI ≤ 90%, with almost 50% of patients demonstrating an LSI ≤ 85%.
While the association between reduced knee extensor strength and inadequate limb asymmetry, and subsequent graft and/or knee re-injury is unknown, the assessment of these 3RM-SLR = three-repetition maximum straight leg raise; Pre = pre-surgery; Op = operated; Nop = non-operated.
